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Abstract 
Neutron diffraction studies have been carried out on a single crystal of oxygen-deficient 
perovskite NdBaCo2O5 in the temperature range of 7-370 K. There have been observed, with 
decreasing temperature T, two magnetic transitions accompanied with structural changes, to 
the antiferromagnetic phase at ~360 K and to the charge ordered antiferromagnetic one at 
~250 K. We have studied the magnetic structures at 300 K and 7 K. At these temperatures the 
Co-moments have the so-called G-type antiferromagnetic structure, and Co ions are 
considered to be in the high spin state over the whole temperature range below TN~360 K 
irrespective of whether the charge ordering is present or not. 
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1. Introduction 
Cobalt oxides have attracted much interest, because they often exhibit the spin state change. 
The low spin (LS; t2g6; spin S=0) ground state of Co3+ ions observed in many of these oxides 
changes to the intermediate spin (IS; t2g5eg1; S=1) state or the high spin (HS; t2g4eg2; S=2) state 
with increasing temperature T.1-4) This indicates that the energy difference dE between these 
spin states is small. Then, a wide variety of physical behaviors related to the spin state change 
may be realized by controlling dE. 
In the perovskite oxides R1-xAxCoO3-d (R=Y and rare earth elements; A=Sr, Ba and Ca) a 
metallic and ferromagnetic phase is often induced in the region of small d by the double 
exchange interaction.5-8) For the combinations of large Ba 2+ ions and relatively small R3+ ions, 
the system forms several kinds of the oxygen-deficient perovskite structure, in which the 
oxygen vacancies are ordered,9-17) and a various physical behaviors are expected. However, 
only the restricted information is available on both the structural properties and the electronic 
properties. 
Previously we reported results of neutron scattering studies carried out on a single crystal 
of TbBaCo2O5.5 (d~0.25, for which the valence of all Co ions is +3).14) The system has the 
linkage of alternating CoO6 octahedra and CoO5 square pyramids along the b-axis and 
exhibits several transitions with decreasing T, a metal to insulator transition at 340 K, to a 
ferromagnetic phase at 280 K and to an antiferromagnetic one at 260 K. The magnetic 
structure analyses have been carried out at T=270 K (the ferromagnetic phase) and T=250 K 
(the antiferromagnetic one), and the spin states of Co ions within the CoO6 octahedra and the 
CoO5 pyramids are clarified: The Co3+ ions of the CoO6 octahedra are in the LS state, and 
those of the CoO5 pyramids are possibly in the IS state at both temperatures. Non-collinear 
nature of the magnetic structures has been proposed in both phases. 
In the present work, neutron scattering studies have been carried out on a single crystal of 
NdBaCo2O5 (d~0.5, for which the formal valence of Co ions is +2.5) to collect information on 
the spin state of Co ions in relation to the local structures. It belongs to the series of 
R’BaCo2O5 with rare earth elements R’, and the structure is formed of a linkage of CoO5 
pyramids and Nd- and BaO-layers which are ordered along the c-axis as shown schematically 
in Fig. 1.9-11) For R’=Y, Tb, Dy and Ho, there have been reported two transitions with 
decreasing T, an antiferromagnetic ordering of the Co-moments at around 350 K and a charge 
ordering at around 220 K. In YBaCo2O5, a simultaneous transition of the spin state has been 
suggested with the charge ordering.10) However, no concrete determination of the Co spin 
states exists for any one of R’BaCo2O5 systems. Furthermore, the charge ordering transition 
has not been observed for NdBaCo2O5 in the former neutron studies.17)  
This is the first report of neutron diffraction studies carried out on a single crystal of 
R’BaCo2O5, where the antiferromagnetic transition and the charge ordering one have been 
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observed at TN~360 K and TCO~250 K, respectively, where the spin state at the Co sites at 300 
K and those of two crystallographically distinct Co sites at 7 K are determined. 
 
2. Experiments 
Single crystals of NdBaCo2O5 were grown by a floating zone (FZ) method. The crystals 
were checked not to have significant impurity phases by powder X-ray diffraction. The d 
value of the sample was determined by the thermo gravimetric analysis (TGA) to be 
d~0.51±0.02.  
The electrical resistivity r and the susceptibility c were measured by using edge parts of 
the crystal.  The T-dependences of r and c were shown in Figs. 2 and 3, respectively. The 
resistivity is well approximated below ~230 K by r=r0exp((T0/T)1/4) as was reported in ref. 9. 
An effect of the antiferromagnetic transition can be found in the c-T curve at TN~360 K. We 
have not observed effects of the charge ordering in the curve in contrast with the case of 
YBaCo2O5.10) 
Neutron measurements were carried out by using the triple axis spectrometer TAS-2 
installed at the thermal guide of JRR-3M of JAERI in Tokai. At first the crystal was oriented 
with the [010] (or [100]) axis vertical, where both (h,0,l) and (0,k,l) points in the reciprocal 
space could be reached due to the coexistence of the a*- and b*-domains. Measurements were 
also carried out for the crystal orientation with the [110] axis vertical. The 002 reflection of 
Pyrolytic graphite (PG) was used for the monochromator. The horizontal collimations were 
17’(effective)-40’-80’ (2-axis) and the neutron wavelength was ~2.359Å. Two PG filters were 
placed in front of the second collimater and after the sample to eliminate the higher order 
contamination. The sample was set in an Al-can filled with exchange He gas, which was 
attached to the cold head of the Displex type refrigerator for the measurements below room 
temperature. The can was heated in a furnace for the measurements above room temperature. 
     
3. Experimental Results and Discussion 
Intensities of the neutron Bragg reflections with various indices have been measured on a 
single crystal of NdBaCo2O5 in the temperature range of 7-370 K, where several superlattice 
reflections as well as the fundamental reflections of the unit cell with the size of ~ap×ap×2ap 
have been found, where ap is the lattice parameter of the cubic perovskite cell. The 
T-dependences of the peak intensities, integrated intensities and full width at half maximum 
(FWHM) of w-scans of the typical fundamental and superlattice reflections are shown in Fig. 
4. The indices h0l may be 0hl due to the existence of domains. With decreasing T, the 
superlattice peaks appear at Q=(k’/2,k’/2,l) with odd k’ corresponding to the antiferromagnetic 
order at TN~360 K. With further decreasing T, another set of superlattice peaks at Q=(k’/2,0,l) 
with odd k’ appears at TCO~250 K. These reflections are considered to have the contributions 
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of both the nuclear and magnetic ones, as is confirmed later by detailed analyses. When the 
temperature of the system is lowered through TCO, the profile widths of all reflections which 
exist above TCO, begin to increase at ~TCO and the peak intensities are reduced with the 
integrated intensities being kept unchanged. The origin of the broadening is, we think, the 
structural distortion induced by the charge ordering at TCO. However, the broadening does not 
bring about any difficulty in the analyses, because we have used only the integrated 
intensities. 
The magnetic structures have been analyzed at 300 K and 7 K. The crystal structures have 
also been optimized by the simultaneous fittings, because it has been reported in refs. 9-11 
that the crystal structure changes at TN and TCO. (Space groups are P4/mmm,  Pmmm and 
Pmma at T>TN, TCO<T<TN and T<TCO, respectively.) In the analyses, we assumed that the 
magnitudes of all Co-moments at crystallographically equivalent sites were equal. For the 
magnetic form factors the average of the isotropic values of Co3+ and Co2+ reported in ref. 18 
was used at 300 K. In the charge ordered state at 7 K, the values of Co3+ and Co2+ were used 
for Co ions with the higher and lower valences, respectively, as is stated below. The 
absorption- and Lorentz factor-corrections were made. 
The magnetic structure at 300 K has been found to be so-called G-type antiferromagnetic 
one (or NaCl-type).10) Figure 5 shows the integrated intensities of the nuclear and the 
magnetic reflections (Iobs) collected at 300 K against those of the model calculation (Ical) for 
several reflections. The corresponding values of the magnetic reflections are also shown in 
Table I. Although Iobs of several reflections with relatively strong intensity deviate from Ical 
due to the extinction, the fitting is found to be reasonable. We cannot determine the direction 
of the magnetic moments because of the domain distribution. The magnitude m of the aligned 
moments of Co2.5+ ions is 2.14±0.09 mB. We presume that the spin state of Co ions is close to 
the HS one based on the results of the analyses at T=7 K shown below.  
It should be noted, here, that 1/21/20 and 3/23/20 reflections, which are forbidden for the 
space groups reported in refs. 9-11 and for the G-type magnetic structure, appear at TN~360 K 
with decreasing T. We have neglected these superlattice reflections in the analyses, because 
they are much weaker than the other ones (less than ~ 0.2 % of the strongest one). At this 
moment, we do not distinguish if the reflections exist only in the present single crystal sample 
or they exist in sintered samples, too. (Single crystals prepared from the molten phase may 
have a slightly different structure from that of sintered samples, because lattice imperfections 
such as the oxygen vacancies and inhomogeneity may be introduced in the course of the 
crystal growth.) 
In the analyses at 7 K, we have assumed that Co atoms of the gray and white pyramids 
shown in Fig. 1 have different valences and carry different magnetic moments. Although it is 
not necessarily required to assume that these valences are +3 and +2, we have used here the 
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magnetic form factors of Co3+ and Co2+ for these two ions, and call these ions Co3+ and Co2+, 
respectively. The magnetic structure is found to be G-type, too. Within our assumption that 
the magnitude of the crystallographically equivalent sites are equal, the 1/200(01/20) and 
3/200(03/20) reflections are forbidden for the G-type structure if the moment directions are 
parallel or anti-parallel to the b-axis. It contradicts with the experimental observation, 
suggesting that the moments are not along the b-axis. 
Then, the fitting has been carried out first for the G-type magnetic structure by assuming 
that the direction of all Co moments are parallel or anti-parallel to a* and with the magnitudes 
of Co moments at two crystallographically distinct sites being fitting parameters. (Of course, 
the crystal structure has been optimized simultaneously, as is stated above.) Figure 6 shows 
the magnetic structures obtained by the fitting. Figure 7 shows the observed integrated 
intensities (Iobs) plotted against the values (Ical) calculated in the fitting. (In Table II, observed 
and calculated values are compared numerically.) Again, we have neglected 1/21/20 and 
3/23/20 reflections in the analyses. Although the Iobs values of several reflections with the 
relatively large intensities deviate from calculated ones, Ical due to the extinction, the 
experimental results are reasonably reproduced by the fitting. However, it is not easy to 
determine the actual angle between the Co moment direction and the a-axis: The fitting is 
equally well if only the angle is in the region between 0 and ~50°, because there exists a 
correlation of the angle with the difference of the moment values between two distinct Co 
sites. 
In the case where the moment directions are parallel or anti-parallel to [100], the 
magnitudes m of the aligned moments of Co3+ and Co2+ are 2.68±0.04 mB and 2.46±0.04 mB, 
respectively, while for the moment direction parallel or anti-parallel to [110], the magnitudes 
are 2.75±0.05 mB and 2.43±0.05 mB, respectively. These values suggest that both Co3+ and 
Co2+ are in the HS state (S=2 for ideal Co3+ ions; S=3/2 for ideal Co2+ ions). The difference 
between the aligned moments of Co3+ and Co2+ is significantly smaller than that reported in 
refs. 9-11. This result does not change even when the moment direction is varied in the wide 
angle region between [100] and [110]. (In these previous studies, the moment direction was 
considered to be along the b-axis, because the 1/200 (or 01/20) and 3/200 (or 03/20) 
reflections were not observed there. If we assume that the direction of the moments is along 
the b-axis, m values similar to those of refs. 9 and 11 are obtained.) The presently observed 
small difference of the moments between the crystallographically distinct sites indicates that 
the real charge difference between the sites may not be unity.  
It is presumed that the HS state of Co3+ and Co2+ observed at 7 K remain up to 300 K, 
because the integrated intensities of the magnetic reflections do not exhibit a rapid change 
which suggests the spin state transition. 
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4. Conclusion 
The neutron diffraction studies have been carried out on the single crystal of NdBaCo2O5, 
which exhibits two magnetic transitions accompanied with structural changes. With 
decreasing T, the antiferromagnetic transition takes place at TN~360 K, and then, the charge 
ordering transition occurs at TCO~250 K. The magnetic structures have been analyzed at 
T=300 K and T=7 K and found that the so-called G-type structure is realized in both phases. 
In the charge ordered phase, Co ions carry rather large spin values or they may be considered 
to be in the HS state. We presume that Co ions are in the HS state at 300 K, too.  
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Figure captions 
 
Fig. 1  Schematic structure of NdBaCo2O5. The white and gray CoO5 pyramids are 
crystallographically equivalent above TCO~250 K, while they are distinct and their 
Co ions have different valences below TCO. 
Fig. 2   Plot of the electrical resistivity against (1/T)1/4 (T in K). The dashed line is a fit by 
the variable-range hopping model in the relatively low temperature region. Inset 
shows the lnr-T curve of the electrical resistivity.  
Fig. 3   Temperature dependence of the magnetic susceptibility c is shown. Inset shows the 
data around TN with the enlarged scales.  
Fig. 4   Peak and integrated intensities and the widths of the w-scan profiles (full width at 
half maximum) of several reflections are shown against T. 
Fig. 5   Integrated intensities of the nuclear and magnetic reflections collected at 300 K (Iobs) 
are plotted against those of the model calculation (Ical) obtained with the space 
group Pmmm and the G-type magnetic structure.  
Fig. 6   A possible magnetic structure of NdBaCo2O5 obtained at 7 K assuming that the 
directions of the Co moment are parallel or anti-parallel to [100].  
Fig. 7   Integrated intensities of the nuclear and the magnetic reflections collected at 7 K 
(Iobs) are plotted against those of the model calculations (Ical), where the directions 
of the moments are assumed to be parallel or anti-parallel to [100]. The space group 
Pmma and the magnetic structure shown in Fig. 6 are used.  
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Table I    Comparison of the observed intensities of the magnetic reflections with those 
calculated for G-type magnetic structure. 
 
T=300 K  
h k l                          Iobs                     Ical  
1/2 1/2 1                  11476±723                12814 
1/2 1/2 2                    120±6                    120 
1/2 1/2 3                   5582±272                 5057 
1/2 1/2 4                    120±13                   140 
3/2 3/2 1                   1455±115                 1590 
3/2 3/2 2                     40±7                     18 
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Table II   Comparison of the observed intensities of the superlattice reflections with those 
calculated for the spin structure shown in Fig. 6.  
 
T=7 K 
 h k l                        Iobs                       Ical             
1/2 1/2 1                 18428±1559                 18219               
1/2 1/2 2                   340±29                     483                 
1/2 1/2 3                  9546±917                   6400                
1/2 1/2 4                   424±39                     497                 
3/2 3/2 1                  2544±321                   2267                
3/2 3/2 2                   156±21                      73                  
1/2 0 0  /  0 1/2 0           45±5                       59                  
3/2 0 0  /  0 3/2 0           27±3                       22                  
1/2 0 1  /  0 1/2 1          280±12                     201                 
1/2 0 2  /  0 1/2 2          683±30                     270                 
1/2 0 3  /  0 1/2 3          284±13                     303                 
3/2 0 1  /  0 3/2 1          143±7                       96                 
3/2 0 2  /  0 3/2 2          254±16                     368                 
3/2 0 3  /  0 3/2 3          103±6                      126                 
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